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The Drosophila immune system discriminates
between various types of infections and acti-
vates appropriate signal transduction pathways
to combat the invading microorganisms. The
Toll pathway is required for the host response
against fungal and most Gram-positive bacte-
rial infections. The sensing of Gram-positive
bacteria is mediated by the pattern recognition
receptors PGRP-SA andGNBP1 that cooperate
to detect the presence of infections in the host.
Here, we report that GNBP3 is a pattern recog-
nition receptor that is required for the detection
of fungal cell wall components. Strikingly, we
find that there is a second, parallel pathway
acting jointly with GNBP3. The Drosophila Per-
sephone protease activates the Toll pathway
when proteolytically matured by the secreted
fungal virulence factor PR1. Thus, the detection
of fungal infections in Drosophila relies both on
the recognition of invariant microbial patterns
and on monitoring the effects of virulence fac-
tors on the host.
INTRODUCTION
Fungi represent a threat to insects in the wild, with more
than 700 entomopathogenic species described (Roberts
and Humber, 1981). Insects must have evolved responses
to handle these infections. We have addressed here the
genetically amenable fruit fly D. melanogaster to decipherCell 1the mechanisms that stimulate immune responses to fun-
gal infections.
This host response includes both cellular and humoral
arms. The analysis of the humoral immune response within
the framework of a septic injury model has led to the cur-
rent paradigm in which two distinct intracellular transduc-
tion pathways, immune deficiency (IMD) and Toll, regulate
the transcription of hundreds of genes by controlling the
nuclear uptake of the NF-kB transcription factors Relish
and Dorsal-related immunity factor (DIF), respectively (re-
viewed in Hoffmann [2003] and references therein). The
classical effector molecules of the systemic humoral
response, the antimicrobial peptides, are synthesized in
the fat body, a functional analog of the mammalian liver,
and are released into the hemolymph, where they kill in-
vading microorganisms. One of these peptides, Drosomy-
cin, exhibits fungicidal activities at micromolar concentra-
tions and is active mainly on filamentous fungi (Fehlbaum
et al., 1995; Tzou et al., 2002). Others, such as Cecropins,
Attacins, Drosocin, and Diptericin, are active mostly on
Gram-negative bacteria, whereas Defensin is effective
against Gram-positive bacteria.
The IMD pathway is required for the host response
against Gram-negative bacteria. Mutants in this pathway
fail to express antibacterial peptides and are highly sensi-
tive to such infections yet resist fungal and Gram-positive
bacterial infections as well as wild-type flies.
Toll is the receptor of the second intracellular trans-
duction pathway and is activated by the binding of a pro-
teolytically cleaved form of the Spa¨tzle (SPZ) cytokine.
Toll pathway mutants are susceptible to infections by
the entomopathogenic fungi Beauveria bassiana and
Metarhizium anisopliae or by the opportunistic pathogen
Aspergillus fumigatus (Lemaitre et al., 1996, 1997;27, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1425
Ligoxygakis et al., 2002; Rutschmann et al., 2000a; Taus-
zig-Delamasure et al., 2002). Toll is also required to resist
some Gram-positive bacterial infections (Gobert et al.,
2003; Michel et al., 2001; Rutschmann et al., 2002).
The Drosophila immune response is adapted to the na-
ture of the invading microorganism (Lemaitre et al., 1997).
The Toll pathway is induced by fungi and Gram-positive
bacteria, whereas the IMD pathway is predominantly trig-
gered upon Gram-negative bacterial challenges (Lemaitre
et al., 1997; Rutschmann et al., 2000a). These observa-
tions imply that several receptors mediate the discrimina-
tion between various types of microbial infections. Indeed,
members of the peptidoglycan recognition protein (PGRP)
family have been shown to be required for these distinct
events (reviewed in Ferrandon et al. [2004], Kaneko and
Silverman [2005]). PGRP-LC, a receptor of the IMD path-
way, can be activated by meso-diaminopimelic acid pep-
tidoglycan (PGN), a compound characteristic of the cell
wall of Gram-negative bacteria and of Gram-positive
bacilli. PGRP-LE, a secreted member of the PGRP family,
is also involved in sensing Gram-negative bacteria
(Kaneko et al., 2006). In contrast, the circulating PGRP-SA
receptor activates the Toll pathway upon detection of
lysine-type PGN, which is a major component of the cell
wall of many Gram-positive bacterial strains. The Gram-
negative binding protein 1 (GNBP1) associates with PGRP-
SA, and this complex is both necessary and sufficient to
activate the Toll pathway upon Gram-positive challenge
(Gobert et al., 2003). The circulating PGRP-SA/GNBP1
complex activates a downstream proteolytic cascade that
leads to the cleavage of the Spa¨tzle cytokine, which then
activates the Toll transmembrane receptor (Jang et al.,
2006; Kambris et al., 2006). Thus, PGRP-SA and GNBP1
define a Gram-positive-specific branch of Toll receptor
activation. PGRP-SD also belongs to this branch and is
required for the detection of other Gram-positive bacterial
strains (Bischoff et al., 2004).
Here, we address the existence of a second branch
devoted to the detection of fungal infections, which also
activates Toll. Indeed, mutants for the persephone (psh)
gene, which encodes a clip-prodomain-containing prote-
ase, are characterized by an increased sensitivity to natu-
ral infections with the entomopathogenic fungus B. bassi-
ana, whereas they are resistant to bacterial infections
(Ligoxygakis et al., 2002). The psh mutations had been
originally isolated as suppressors of the necrotic (nec)
phenotype. nec encodes a serine protease inhibitor of
the serpin family, the absence of which leads to the consti-
tutive, psh-dependent, activation of the Toll pathway
(Levashina et al., 1999; Ligoxygakis et al., 2002). Thus,
psh and nec define a fungal-specific branch of Toll recep-
tor activation. By analogy to the Gram-positive branch, it is
expected that an as-yet-unidentified immune receptor
detects fungal infections and activates in turn the psh-
dependent proteolytic cascade.
GNBP1 belongs to the family of GNBP/b-glucan recog-
nition proteins (bGRP) (Kim et al., 2000). Members of this
family have been reported to bind to b-(1,3)-glucan, a1426 Cell 127, 1425–1437, December 29, 2006 ª2006 Elseviermajor component of the fungal cell wall (Lee et al., 2006;
Ma and Kanost, 2000; Ochiai and Ashida, 2000). In
Drosophila, three members of this family, GNBP1 to
GNBP3, have been described (Kim et al., 2000). Among
these, GNBP3 shows the greatest degree of similarity to
lepidopteran b-(1,3)-glucan recognition proteins and was
therefore a good candidate for a fungal-specific sensor.
Here, we report that GNBP3 is indeed required for Toll
pathway activation in response to fungal infections. Strik-
ingly, we also find that psh is required in a distinct yet com-
plementary detection pathway that can be activated by
fungal virulence factors.
RESULTS
In this report, we have investigated the antifungal re-
sponse of Drosophila by using two distinct models: the
human opportunistic pathogenic yeast Candida albicans
and the entomopathogenic fungi B. bassiana and M. ani-
sopliae. We have monitored the immune response to
these infections by two readouts: kinetics of survival and
expression levels of the Toll-dependentDrosomycin gene.
hades, a Mutation of the GNBP3 Locus, Affects
the Host Defense against Candida albicans
We challenged flies by pricking with a needle dipped into
a concentrated C. albicans solution and monitored their
survival. Whereas wild-type flies were resistant to this
infection, survival of the Toll pathway mutants spz and
Dif was compromised, indicating that the Toll pathway is
required for defense against this opportunistic yeast
(Figure 1A) (Alarco et al., 2004). We next created a null
mutation in the GNBP3 gene, which we named hades (for
the generation of the mutation, see below) and observed
that GNBP3hades mutants were as sensitive to C. albicans
infection as Dif mutants (Figure 1A). In contrast, GNBP1osi
mutant flies, which are deficient for the activation branch
of the Toll pathway by Gram-positive bacteria, survived
C. albicans infection as well as wild-type flies. Flies mutant
for the IMD pathway gene kenny (key) (Rutschmann et al.,
2000b) also resisted this challenge (Figure 1A), indicating
that the IMD pathway is not required for the host defense
against opportunistic yeast infections. The finding that
both GNBP3hades and Toll pathway mutants succumb to
C. albicans infection suggests that this sensitivity to yeast
infection reflects a lack of activation of the Toll pathway.
We next challenged wild-type, spz, and GNBP3hades mu-
tant flies with heat-killedC. albicans (which cannot secrete
virulence factors; see below). We found that Drosomycin
was strongly induced in wild-type flies and that this induc-
ibility was markedly decreased in GNBP3hades and spz
mutants (Figure 1D).
We also tested resistance of GNBP3hades mutants to
Gram-positive and Gram-negative bacterial infections
and observed no susceptibility as compared to wild-type
flies (Figures 1B and 1C). Furthermore, the induction levels
of the Drosomycin gene by Gram-positive bacteria (Fig-
ure 1E) or those of the Diptericin gene by Gram-negativeInc.
Figure 1. GNBP3 Is Required in the Host Defense against Yeast Infections
(A–C) Survival experiments were performed at 29C (C. albicans, [A]) or 25C (E. faecalis, [B]; E. cloacae, [C]). The survival rate expressed in percent-
age is shown. w, white A5001 and cn bw flies were used as wild-type controls.
(D–F) Expression of antimicrobial peptide genes determined by real-time PCR. Results are expressed as a percentage of the induction observed in
w control flies. Drosomycin expression was measured 24 hr after a challenge with heat-killed C. albicans ([D]; unchal., unchallenged control flies).
Drosomycin RNA levels were monitored 24 and 48 hr after a challenge with M. luteus (E). Diptericin inducibility was checked 6 hr after a septic wound
with a needle dipped into a concentrated E. coli solution. GNBP1, Dif, and spz (spa¨tzle) are mutants of the Toll pathway, whereas key (kenny) and
PGRP-LC are mutants of the IMD pathway. Error bars are SD.bacteria (Figure 1F) were similar in GNBP3hades and wild-
type flies. We conclude that GNBP3 is involved in the
Drosophila host defense against C. albicans and not in
that against bacterial infections.
Rescue of the GNBP3hades Mutation
We had generated the hadesmutant ofGNBP3mentioned
above by remobilizing a P element transposon (d01793)
located 1044 base pairs upstream of the start codonCellATG of GNBP3 (Thibault et al., 2004). This resulted in an
imprecise excision, a 1476 base pair deletion that re-
moves the promoter of the gene as well as the N-terminal
region of the corresponding predicted protein up to resi-
due 144 (Figure 2A). As expected, the GNBP3 protein
was no longer detected in the mutant with a specific anti-
body (A.A.M. and D.F., unpublished data). We rescued the
GNBP3hades mutant phenotype by expressing in this
background a wild-type GNBP3 cDNA under the control127, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1427
Figure 2. The hadesMutation Affects the
GNBP3 Locus that Encodes a Glucan
Recognition Protein
(A) Scheme of the GNBP3 locus. The GNBP3
gene does not contain any intron. The upper
line represents the genomic organization. The
open bar shows the structure of the GNBP3
gene (nucleotides 1–1473) that encodes an N-
terminal b-(1,3)-glucan binding domain (black
domain) and a C-terminal b-glucanase homol-
ogy region (gray domain). The signal peptide
(S) is indicated. The sites of insertions of mod-
ified P elements present in the strains d01793,
d08034, and d01127 are shown (stars). The ex-
tent of the hades deficiency (up to nucleotide
432 of GNBP3) and that of a large deficiency
are depicted (lower lines). The latter deficiency
was used in genetic tests to check that
GNBP3hades is a null mutation.
(B) Rescue experiment of the GNBP3 mutant
phenotype by a UAS-GNBP3 transgene after
a challenge with heat-killed C. albicans. The
Drosomycin RNA steady-state levels (black
bars) were measured in flies of the indicated
genotypes. White bars, level of expression of
GNBP3 placed under the control of the hsp
promoter using the UAS GAL4 system. The
flies were not heat shocked so as to avoid the
constitutive activation of the Toll pathway by
overexpressed GNBP3 (see Figure 3A). TM6b
is a balancer of the third chromosome; hetero-
zygous GNBP3/TM6b sibling flies are used as
controls. Error bars are SD.
(C) Recombinant His-tagged GNBP3 protein
was incubated with several insoluble oligosac-
charides found in the cell walls of various micro-
organisms. After centrifugation and washing
steps, the proteins associated with the precipi-
tated glycan chains were recovered in Laemmli
buffer and analyzed by western blotting with
a poly-His-specific antibody. GNBP3 binds to
paraformaldehyde-fixed (PFA)C. albicansblas-
tospores or curdlan beads (long chains of b-
[1,3]-glucan) and hardly binds to PGN from
the Gram-positive bacterium Staphylococcus
aureus or to chitin. PBS, phosphate buffer
alone; M, marker (kDa).of the ubiquitous heat-shock protein 70 (hsp) promoter.
The low-level expression of the transgene driven by the
basal activity of the hsp promoter using the UAS-GAL4
system was sufficient to restore the inducibility of Droso-
mycin in response to a challenge with heat-killed C. albi-
cans (Figure 2B, see the Supplemental Experimental Pro-
cedures in the Supplemental Data available with this
article online), confirming that the effect of the mutation
is due to the disruption of the GNBP3 locus.
Recombinant GNBP3 Binds to b-(1,3)-Glucan
and to Polysaccharides of the Fungal Cell Wall
The N-terminal domain of lepidopteran bGRPs, which
binds directly to b-(1,3)-glucan (Ma and Kanost, 2000;
Ochiai and Ashida, 2000), displays around 65% of se-1428 Cell 127, 1425–1437, December 29, 2006 ª2006 Elsevierquence identity to GNBP3. We expressed tagged
GNBP3 in bacteria and incubated the recombinant protein
with curdlan, an insoluble polymer of b-(1,3)-glucan, with
killed C. albicans, and with several polymeric glycan
chains. The insoluble compounds were recovered by cen-
trifugation (Kim et al., 2000) and assessed by SDS-PAGE
and western blot analysis for the presence of GNBP3 in
the pellet. We detected an association of GNBP3 with
curdlan and C. albicans (Figure 2C) (Lee et al., 2006). A
weaker signal was detected with chitin, a polymer of N-
acetyl-D-glucosamine, whereas little GNBP3 was recov-
ered after incubation with PGN. In addition, the injection
of curdlan beads into flies elicited a variable induction of
Drosomycin that was not observed with injected cellulose,
which is a b-(1,4)-glucan polymer (data not shown).Inc.
Figure 3. Fungal Detection Can Be Mediated by Secreted
GNBP3, which Functions Upstream of the Toll Ligand Spa¨tzle
Drosomycin transcript levels as measured by quantitative RT-PCR are
shown as black bars.
(A) Epistatic analysis of the relationship between GNBP3 and spz. The
expression of Drosomycin induced by GNBP3 overexpression under
hsp promoter control is blocked in a spz mutant background. WhiteCellBecause curdlan beads form aggregates that are difficult
to inject quantitatively into flies, we injected instead the
alkali-insoluble fraction of the A. fumigatus cell wall, which
consists of polysaccharides including b-(1,3)-glucans
(Fontaine et al., 2000). This fraction induced reproducibly
a GNBP3-dependent Drosomycin expression (Figure S1).
We conclude that GNBP3 encodes a fungal polysaccha-
ride binding protein.
GNBP3 Acts Upstream of the Toll Receptor
To provide a demonstration that GNBP3 induces Droso-
mycin expression through the Toll pathway, we over-
expressed this gene in a wild-type and a spz mutant
background. As illustrated in Figure 3A, GNBP3 overex-
pression induced the challenge-independent transcription
of Drosomycin, which was abolished in spz mutant flies.
The Drosophila infection-sensing proteins PGRP-SA
and GNBP1 were recently shown to function in circulation.
To probe whether or not this is also valid for GNBP3,
we transferred hemolymph from wild-type flies into
GNBP3hades mutants. In the recipient flies, heat-killed
C. albicans failed to induce Drosomycin expression (Fig-
ure 3B). However, when flies that overexpressed GNBP3
were chosen as hemolymph donors, Drosomycin induc-
ibility by heat-killed C. albicans was restored (Figure 3C).
Control unchallenged recipient flies did not expressDroso-
mycin (data not shown). These data suggest that a circulat-
ing form of GNBP3 can detect infection by C. albicans.
Entomopathogenic Fungi Activate the Toll Pathway
Independently from GNBP3
Entomopathogenic fungi invariably induce lethality in ex-
perimental flies, whether the challenge is achieved by in-
jection of spores or by natural infection (deposition of
spores on the cuticle). Flies mutant for genes of the Toll
pathway succumb significantly earlier to such infections
(Figure 4A) and exhibit a strongly decreased inducibility
of Toll pathway-dependent genes such as Drosomycin,
which is no longer expressed in these mutants (Lemaitre
et al., 1997) (Figure 4C). GNBP3hades mutant flies suc-
cumbed to a natural B. bassiana infection at the same
rate as Dif flies (Figure 4A). Hemizygous and homozygous
GNBP3hades flies displayed the same behavior in this
assay, thus indicating that the mutation is genetically
null. If GNBP3 were the sole sensor of fungal infection,
one would expect Drosomycin expression to be markedly
reduced in GNBP3hades mutant flies challenged with path-
ogenic fungi. To test this hypothesis, we carried out the
following experiments: (1) we performed a B. bassiana
bars represent GNBP3 mRNA levels as measured by quantitative
RT-PCR.
(B) Drosomycin induction by the injection of heat-killed C. albicans is
not restored by the transfer of wild-type hemolymph into GNBP3hades
mutant flies.
(C) The transfer of hemolymph from flies overexpressing GNBP3 leads
to a restored inducibility of Drosomycin expression upon the same
challenge as in (B). Error bars are SD.127, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1429
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natural infection on GNBP3hades flies and observed a
strong and persistent expression of Drosomycin (Figures
4B and 4C); (2) we compared the levels of expression of
Drosomycin induced by the injection of live B. bassiana
spores into wild-type orGNBP3hades flies and noted a sim-
ilarly strong induction of this gene in both types of flies
(data not shown); (3) however, when we injected alkali-
treated spores, we detected the expression of Drosomy-
cin in wild-type, but not in GNBP3hades mutant flies
(Figure 4D). Hardly any Drosomycin expression was de-
tected in Dif or spz mutant flies infected with spores,
whether dead or alive (Figures 4C and 4D). Thus, these
two types of challenge induce the transcription of Droso-
mycin through the intracellular part of the Toll pathway.
The fact that Drosomycin induction is blocked by the
GNBP3hades mutation only when dead spores are injected
suggests that live spores can activate the Toll pathway by
an extracellular pathway independent of GNBP3. A candi-
date for a gene belonging to this second pathway is psh.
persephone Is Required Only for the Host Defense
against Live B. bassiana
The PSH protease is required for activation of the Toll
pathway by the entomopathogenic fungus B. bassiana (Li-
goxygakis et al., 2002) (Figures 4A and 4C). In one model,
psh would be required downstream of a PRR that senses
fungal microbial patterns such as b-(1,3) glucan. If it were
to act uniquely downstream of GNBP3, then GNBP3 and
psh would be expected to share the same phenotype. In
a second model, psh would act in the GNBP3-indepen-
dent pathway that activates Toll after challenge with live
fungi and would therefore have a phenotype distinct
from that of GNBP3. In the following, we compare the
psh and GNBP3hades mutant phenotypes in this light.
We first analyzed the survival rates of psh and
GNBP3hades mutant flies after natural infections with
B. bassiana and observed that the two mutants died with
similar kinetics (Figure 4A). Interestingly, the double mu-
tant flies succumbed earlier to the infection than the re-
spective single mutants. These data suggest that GNBP3
and psh act in two complementary pathways upstream
of Toll in the detection of fungal infections. We next deter-Cell 1mined whether or not psh is required for Drosomycin in-
ducibility by dead fungal spores. In psh mutant flies,
the injection of killed fungal spores still induced the expres-
sion ofDrosomycin (Figure 4D), in contrast to natural infec-
tions with liveB. bassiana, in whichDrosomycin inducibility
was markedly reduced (Ligoxygakis et al., 2002)
(Figure 4C). Thus, live and dead fungi have distinct effects
on the inducibility of the Drosomycin gene in psh and
GNBP3 mutants.
Earlier studies on the psh mutant phenotype had been
limited to the analysis of the response to the entomopatho-
genic fungus B. bassiana (Ligoxygakis et al., 2002). We
therefore asked if psh is also required for the host defense
against opportunistic yeast infections. In contrast to
GNBP3hades flies, we observed that pshmutants are as re-
sistant as wild-type to C. albicans infections (Figure 4E).
These data indicate that psh and GNBP3 are indeed in-
volved in distinct branches of Toll pathway activation. Fur-
thermore, the level of expression of Drosomycin induced
by deadC.albicanswas not as strongly reduced inpshmu-
tants as it was in GNBP3hades single mutant and in the
psh;GNBP3hades double mutant (Figure 4F). We cannot ex-
clude, however, a limited role of psh in the defense against
C. albicans, because psh;GNBP3hades double mutant flies
are more sensitive than the respective single mutants
(Figure 4E). In addition, only the double mutant combina-
tion strongly blocks Drosomycin expression in response
to a challenge with living C. albicans yeasts (Figure 4G).
Taken together, our data demonstrate that GNBP3 and
PSH belong to two distinct, complementary sensing path-
ways of fungi. Whereas GNBP3 appears to act as a classi-
cal pattern recognition receptor (able to detect microbial
patterns in killed fungi), PSH may be involved in the detec-
tion of fungal factors released by live entomopathogenic
fungi.
The PR1 Protease from the Entomopathogenic
Fungus M. anisopliae Triggers Drosomycin
Expression in a persephone-Dependent Manner
Our hypothesis is that entomopathogenic fungi secrete
virulence factors that can be detected by the host through
activation of the Toll pathway. EntomopathogenicFigure 4. Distinct Phenotypes of psh and GNBP3hades in Response to Fungal Challenges
(A) Survival of psh and GNBP3hades flies to natural B. bassiana infections. The genotypes of the infected flies are indicated.
(B) Expression of Drosomycin as determined by quantitative RT-PCR after a natural fungal infection at 29C with B. bassiana in wild-type and
GNBP3hades flies. The expression was measured 0, 48, and 72 hr after coating the flies with fungal spores. The difference between wild-type and
mutant flies at 72 hr is not statistically significant.
(C) The expression of Drosomycin induced by a natural B. bassiana infection (48 hr) is blocked in psh and other mutants of the Toll pathway, but not in
GNBP3hades mutants. Similar results were obtained when B. bassiana spores were injected.
(D) The expression of Drosomycin induced by the injection of 9.2 nl of killed alkali-treated B. bassiana spores (48 hr) is blocked in GNBP3hades and spz
mutants, but not in psh mutants.
(E) Survival of psh and GNBP3hades flies to infections with C. albicans: psh is not required in the host defense against this infection.
(F) psh does not have a major effect on Drosomycin inducibility by heat-killed C. albicans. Similar results were obtained with paraformaldehyde-
treated C. albicans.
(G) The expression of Drosomycin induced by living C. albicans yeasts is decreased significantly only in psh;GNBP3hades double mutant flies. The
intermediate reduction of Drosomycin expression in GNBP3hades mutants in response to live C. albicans may be due to Candida proteases, which,
like entomopathogenic virulence factors, may trigger partially the PSH pathway and thus bypass the GNBP3 pathway.
(H) psh and GNBP3hades mutations do not block the induction of Drosomycin expression by injected M. anisopliae spores (24 hr). Flies infected with
M. luteus were taken as a 100% reference. Similar results were obtained in natural infections. Error bars are SD.27, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1431
Figure 5. The Proteolytic Activity of Metarhizium anisopliae PR1A Triggers the psh-Dependent Expression of Drosomycin
(A) The overexpression of M. anisopliae PR1 in unchallenged wild-type (Ab) or GNBP3hades mutant flies (Ac) induces the expression of Drosomycin
24 hr after heat shock as measured by quantitative RT-PCR (black bars). However, this induction is blocked in a psh background (Ad). Background
levels ofDrosomycin expression are observed in wild-type unchallenged siblings of the hsp-Gal4 toUAS-PR1 cross (Aa). The level of expression of the
PR1 transcript is shown (gray bars). mRNA levels measured in (Ab) are taken as reference. The expression of the Drosomycin peptide has also been
checked by MALDI-TOF mass spectrometry and coincides with the level of expression of the transcript.
(B) The catalytic activity of PR1A is required for the induction of Drosomycin expression. Two transgenic lines expressing a mutated version of the
PR1A (S-to-A mutation of the catalytic triad), [3.13] and [3.15], fail to induce Drosomycin expression. The induction observed in M. luteus-challenged
w flies is taken as 100%. The difference of Drosomycin expression observed between UAS-PR1 and UAS-PR1[3.13 (or 3.15)] overexpressing flies is
statistically significant, whereas that between M. luteus-challenged Dif flies and UAS-PR1[3.13 (or 3.15)] overexpressing flies is not.
(C) Synergistic activation of the Toll pathway by the joint overexpression of PR1A and PSH. The transgenes are expressed under the control of a tub-
Gal80ts;daughterless-GAL4 driver for 24 hr at 29C, the restrictive temperature for the thermosensitive mutant GAL80, which represses GAL4 at per-
missive temperatures. This strategy enables the obtention of flies of the desired phenotype that would otherwise die during development as a result
of PR1 overexpression.
(D) Hemolymph was collected from wild-type (w) or hsp-GAL4 transgenic flies carrying also the indicated UAS transgenes and analyzed by SDS-
PAGE and western blotting with a polyclonal antibody raised against PSH. The overexpression of psh from two distinct psh trangenes leads to
the appearance of a 33 kDa band, while the expression of fungal PR1 induces the formation of a 28 kDa band (arrowhead), although a faint1432 Cell 127, 1425–1437, December 29, 2006 ª2006 Elsevier Inc.
hyphomycete fungi are known to secrete proteases and
chitinases that perforate the cuticle barrier and allow entry
of the fungus into the insect body cavity (Clarkson and
Charnley, 1996). This strategy is shared by B. bassiana
and M. anisopliae, which both express PR1 subtilisins
when spores germinate on the cuticle of insects (58.6%
identity conservation) (Bagga et al., 2004). The PR1 prote-
ase of M. anisopliae has been shown to be a major viru-
lence factor of this entomopathogenic fungus (St Leger
et al., 1992; Wang et al., 2002). M. anisopliae behaves as
B. bassiana when infecting Drosophila (Figure S2), with
the notable exception that Drosomycin expression is not
blocked in a psh but is abolished in a psh,GNBP3hades mu-
tant background (Figure 4H, see Discussion). To study the
effects of fungal virulence factors, we generated trans-
genic flies that express the gene encoding the M. aniso-
pliae PR1A protease under the control of the heat shock
protein promoter using the UAS/GAL4 system. When we
overexpressed PR1A in the transgenic flies, we observed
a marked expression of Drosomycin in the absence of an
immune challenge (Figure 5A). Strikingly, the expression
of Drosomycin induced by PR1A overexpression required
the psh gene. In contrast, this expression was not depen-
dent on the GNBP3 gene (Figure 5A). The PR1A-depen-
dent expression of Drosomycin requires the proteolytic
activity of PR1A, as transgenic constructs expressing
a catalytically inactive form of PR1A were unable to trigger
the Toll pathway (Figure 5B). The expression of PR1A in the
hemolymph leads to the progressive degradation of hemo-
lymphatic proteins (Figure S3). PSH is a clip domain con-
taining protease, which is thought to be activated by the
cleavage of its clip prodomain. To determine if PSH might
be activated by PR1A, we have expressed either PR1A or
PSH alone using the ubiquitous daughterless driver and
detected a mild expression of Drosomycin 24 hr after in-
duction (Figure 5C). In striking contrast, the coexpression
of both PR1A and psh in the absence of immune challenge
led to strong Drosomycin expression, which is significantly
higher than the added effect of each protease alone (Fig-
ure 5C). This experiment indicates either that PR1A
activates PSH directly or that PSH is a limiting factor in the
PR1A-dependent activation branch of the Toll pathway.
To discriminate between these possibilities, we first
monitored the PSH protein in collected hemolymph by
western blotting with a PSH-specific antibody. As shown
in Figure 5D, PSH migrates as a 50 kDa band in unchal-
lenged wild-type flies. The overexpression of PSH leads
to the appearance of an additional 33 kDa band, which
is also detected in flies challenged by the injection of
B. bassiana spores. Strikingly, the 50 kDa band is mostly
converted to a band of approximately 28 kDa (Figure 5D)Celland shorter fragments (data not shown). This 28 kDa
band is the major band observed in flies that overexpress
both PR1 and psh. The 28 kDa band may correspond to
the active form of PSH because it is detected only in those
transgenic flies that strongly expressDrosomycin. In addi-
tion, the intensity of the band correlates with the strength
of Drosomycin induction (compare Figures 5C and 5D). In-
terestingly, the predicted size of the activated CLIP-
domain protease PSH, which corresponds essentially to
the trypsin catalytic domain, is 27.1 kDa. Second, we incu-
bated immunoprecipitated PSH collected from the hemo-
lymph of unchallenged wild-type flies with purified prepa-
rations of fungal PR1. This digestion produced the 33 and
28 kDa bands in a concentration-dependent manner (Fig-
ure 5E). These bands were absent in the immunoprecipi-
tate incubated with the heat-inactivated PR1 prepara-
tions. Taken together, our experiments demonstrate that
the Toll pathway can be activated by a fungal protease,
which likely activates PSH by direct proteolytic cleavage.
DISCUSSION
The detection of infections is a crucial step in the timely ini-
tiation of an appropriate immune response. In Drosophila,
the use of nonentomopathogenic bacteria such as M. lu-
teus and E. coli has allowed the delineation of both intra-
cellular signal transduction pathways as well as the iden-
tification of five innate receptors (PRRs), PGRP-LC and
LE for the IMD pathway and PGRP-SA/GNBP1/PGRP-
SD for the Toll pathway. To elucidate the mechanisms in-
volved in the detection of fungi, we have first concentrated
on a somewhat artificial infection system using an oppor-
tunistic human pathogenic yeast, C. albicans. We then
refined our understanding of the system by using the
entomopathogenic fungi B. bassiana and M. anisopliae.
GNBP3 Serves as a Receptor for Fungal Structures
In this study, we demonstrated that GNBP3 is a PRR ded-
icated to the detection of fungi because (1) recombinant
GNBP3 is able to bind in vitro to Candida and to polymeric
chains of b-(1,3)-glucan; (2) it is required for the activation
of the Toll pathway by polysaccharides of the fungal cell
wall; (3) GNBP3 is required for resistance against yeast
infections, including C. albicans, C. glabrata, and C. tropi-
calis, and against mold infections such as B. bassiana,
M. anisopliae, and A. fumigatus (this work; M.G. and
D.F., unpublished data); (4) GNBP3 triggers an adequate
immune response; namely, it activates the antifungal Toll
pathway in a spz-dependent manner. We cannot formally
exclude the possibility that another fungal receptor acts33 kDa band could also be observed in some experiments. Interestingly, theBombyxmori clip protease BAEEase is processed first into a 33 kDa band
and second into a 29.5 kDa band, the latter processing event being essential for activation (Jang et al., 2006). The two lanes with flies overexpressing
both psh and PR1 correspond to two distinct sets of psh and PR1 transgenes.
(E) Hemolymph was collected from wild-type flies and immunoprecipitated with a PSH-specific antibody. The proteins were then digested with PR1-
purified preparations and analyzed by western blotting with the PSH antibody. The 28 (arrowhead) and 33 kDa proteins obtained by PR1 and psh
overexpression are shown on the left. The unprocessed 50 kDa PSH band is masked by the Ig heavy chain (lozenge symbol).127, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1433
Figure 6. Model of Toll Pathway Activation
We hypothesize that at least four distinct proteolytic cascades converge to process the Toll ligand Spa¨tzle (SPZ) (see text). Dorsoventral (D/V) pat-
terning occurs during early embryogenesis and involves the proteases Gastrulation Defective (GD), Snake (SNK), and Easter (EA): this proteolytic
cascade is unlikely to be involved in the activation of Drosomycin expression by fungi (M.G., unpublished data). In addition to sensing virulence
factors, PSH might function downstream of an unknown pattern recognition receptor (PRR). Indeed, epistatic analysis indicates that PSH partially
functions downstream of GNBP3. PGN, peptidoglycan; SPE, Spa¨tzle processing enzyme. Error bars are SD.together with GNBP3 to activate the Toll antifungal host
defense.
Of note is that fungi can induce the IMD pathway with
short-term kinetics (Lemaitre et al., 1997). We have found
that this induction is dependent on PGRP-LC and not on
GNBP3 (Figure S4). One possibility is that a PGRP-LC cor-
eceptor senses fungal microbial patterns. Alternatively,
fungal cell wall constituents might bind directly to PGRP-
LC. Interestingly, Lee and coworkers have reported that
a coleopteran PGRP is able, in addition to its liaison to
PGN, to bind with high affinity to tetralaminariose, a tetra-
mer of b-(1,3)-glucan (Lee et al., 2003).
As is the case for members of the PGRP family, the
GNBP/bGRP proteins have evolved to recognize distinct
carbohydrate chains that form the cell wall of microorgan-
isms. Given their distribution in the arthropod lineage, it is
likely that these two families form an essential part of their
immunity repertoire. Whereas PGRP homologs exist in
mammals, bGRP members have not been reported in ver-
tebrates. However, the phagocytic and signaling receptor
Dectin-1 detects b-(1,3)-glucans (Brown and Gordon,
2001) and may to some extent fulfill in mammals a primary
function that is similar to that of GNBP3 in insects, i.e., the
sensing of fungal infections.
Because spz is required for Toll activation by GNBP3,
we propose that the binding of GNBP3 to its microbial
ligand leads to the activation of a proteolytic cascade
that ultimately processes proSPZ into a functional Toll
ligand (Figure 6). Because psh and GNBP3hades have dis-
tinct phenotypes as regards Toll pathway activation (Fig-
ures 4C, 4D, and 4F), and because the double mutant1434 Cell 127, 1425–1437, December 29, 2006 ª2006 Elseviepsh;GNBP3hades displays a stronger phenotype than ei-
ther mutant alone when challenged with live fungi (Figures
4G and 4H), PSH cannot belong exclusively to a proteolytic
cascade activated by GNBP3. However, epistatic analysis
reveals that the spz-dependent expression of Drosomycin
induced by GNBP3 overexpression partly requires psh
function (Figure S5). Taken together, these data indicate
the existence of an alternative, psh-independent proteo-
lytic cascade that mediates the GNBP3-dependent matu-
ration of the Toll ligand Spa¨tzle. This cascade is distinct
from the one that activates Toll signaling during early em-
bryogenesis (data not shown).
The Host Defense against Entomopathogenic Fungi
Does Not Solely Rely on the Toll Pathway
An unexpected finding of this study is that the Toll path-
way is normally induced in GNBP3hades mutants undergo-
ing a B. bassiana infection. Yet, these mutants are more
susceptible to this pathogen than wild-type flies. These
observations suggest that GNBP3 fulfills other functions
required in the host defense against fungal pathogens
that are independent of its role in triggering the Toll path-
way. Indeed, we have some biochemical evidence that
GNBP3 is involved in other aspects of host defense
(A.A.M. and D.F., unpublished data).
PSH Is Involved in the Sensing of Fungal Virulence
Factors
Many pathogens have adapted to their hosts and devel-
oped specific strategies to defeat their defenses. Fungir Inc.
such as B. bassiana andM. anisopliae are able to infect in-
sects following deposition of spores on the surface of the
cuticle. To penetrate this physical barrier, they secrete
several virulence factors such as chitinases and prote-
ases. We found that the PR1A protease is able to activate
Drosomycin expression in the absence of infection when
overexpressed in flies. This effect on Toll pathway activa-
tion is specific because it can be blocked in a psh back-
ground and depends on the proteolytic activity of PR1A
(Figure 5). These data establish the proof of concept
that a virulence factor can be detected by the innate im-
mune system. Interestingly, our data indicate that PR1
can directly process PSH into its active form.
PR1A is one of ten proteases in this subtilisin family and
is expressed only during cuticle penetration (Bagga et al.,
2004; Wang et al., 2005).We have found that a PR1A/
PR1B-deficient strain is still able to induce Drosomycin
expression in a GNBP3hades mutant background, presum-
ably through other fungal PR1 proteases (Figure S2). Thus,
further work will be required to understand the multiple
pathogenic mechanisms taking place during a natural
fungal infection.
Our data show that the detection of fungal infections
relies on a two-pronged sensor system that constitutes a
partially redundant recognition system. The psh;GNBP3
double mutant strain consistently yields a stronger phe-
notype than that of the respective single mutants. Since
only GNBP3 is strictly required in the defense against
opportunistic yeasts, it is likely that the recognition of fun-
gal patterns represents an ancestral, basal mode of infec-
tion sensing. The psh-dependent system that monitors
virulence factors may have evolved secondarily in re-
sponse to the selective pressure exerted by entomopa-
thogenic fungi. Indeed, if the psh-based and the
GNBP3-based sensing systems were perfectly redun-
dant, it would be expected that the deletion of one of
these systems would not prevent the activation of the
Toll pathway. This is indeed what we observe when in-
fecting flies with live C. albicans or with M. anisopliae.
In contrast, Drosomycin inducibility is abolished in psh
mutants, but not in GNBP3 mutants, infected by B. bassi-
ana. These data indicate that B. bassiana has evolved
a strategy that allows it to escape or to block GNBP3
surveillance.
Future studies will reveal whether or not similar systems
of virulence factor detection exist also to sense infection
by entomopathogenic bacteria.
A General Mechanism of Pathogen Detection?
We surmise that some pathogens have developed strate-
gies to inactivate the GNBP basal sensor system of Dro-
sophila and that this led to the selection of a novel host
counterstrategy: the surveillance of virulence factor activ-
ity. This theme is a central tenet of the current understand-
ing of plant innate immunity. In plants, basal sensor sys-
tems detect the presence of microbial elicitors and
trigger an immune response. Some virulence factors of
the plant pathogen inhibit the elicitor-induced signalingCellby manipulating host proteins that regulate the host basal
response (Kim et al., 2005). In some plant cultivars, a sur-
veillance system based on R proteins ‘‘guards’’ the targets
of virulence factors (coded by microbial avirulence [avr]
genes) and triggers a strong immune response when un-
der attack (reviewed in Dangl and Jones [2001]). One ex-
ample is provided by Arabidopsis, in which the cleavage
of the endogenous PBS1 kinase by the Pseudomonas
syringae type III effector AvrPphB, a cysteine protease,
leads to the activation of the hypersensitive response by
the R protein RPS5 (Shao et al., 2003). A case possibly
more relevant to fly immunity is provided by the tomato,
in which the host protease Rcr3 is required for the recog-
nition of the pathogen virulence factor Avr2 by the Cf-2
transmembrane receptor (Rooney et al. [2005] and refer-
ences therein).
Fungal proteases secreted by entomopathogenic fungi
have to cross the structurally invariant cuticular barrier of
the insect host that thus conditions the type of proteolytic
activity required to degrade the cuticular proteins. This
phenomenon may have been exploited by Drosophila to
detect entomopathogenic infections in a mechanism
that is hence conceptually related to the guard hypothesis
of plants, although in this case PSH would monitor indi-
rectly a passive defense mechanism, the protection pro-
vided by the bodily armor. To date, the analysis of the im-
mune response in Drosophila has been largely limited to
the study of laboratory strains in a controlled environment.
By analogy to plant-pathogen interactions that involve avr
genes and their cognate plant R resistance genes, a major
challenge for the coming years will be to determine if the
insect-pathogen interactions in a natural environment
involve several distinct virulence factors and their associ-
ated host detection systems.
The discovery of a host sensor system dedicated to the
detection of virulence factor activity begs the question of
the relevance of such a system to mammalian innate im-
munity. It has been reported that virulence factors such
as the cholesterol-dependent cytolysin or pertussis toxin
are able to induce immune responses through TLR4 (Ker-
foot et al., 2004; Malley et al., 2003; Park et al., 2004). In
these cases, the possibility remains open that TLR4 func-
tions as a coreceptor needed for intracellular signal trans-
duction and that the actual recognition is mediated by un-
known receptors. A second class of interest is that of the
protease-activated receptors. Indeed, PAR2 has been im-
plicated in the induction of the HB2 defensin by bacterial
proteases in epithelial cells (Chung et al., 2004). Similarly,
Citrobacter rodentium induces the intestinal release of
host proteases that activate the PAR2 receptor and sub-
sequent colonic inflammation (Hansen et al., 2005). Fi-
nally, virulence factors from Salmonella and Yersinia
have been shown to inhibit NF-kB and MAPK signaling
(Mota and Cornelis, 2005; Viboud and Bliska, 2005).
Thus, it is legitimate to ask if receptors dedicated to the
perception of virulence factor activity have been selected
during the evolution of the mammalian innate immune
system.127, 1425–1437, December 29, 2006 ª2006 Elsevier Inc. 1435
EXPERIMENTAL PROCEDURES
Microbial Strains
Gram-negative bacteria include Enterobacter cloacae (a kind gift of
H. Monteil) and Escherichia coli 1106. Gram-positive bacteria include
Micrococcus luteus (CIP A270) and Enterococcus faecalis. Fungi
include Beauveria bassiana (80.2 strain), M. anisopliae (V275), and
C. albicans, a pathogenic strain isolated in Patient #3 by Pr. M. Koenig
(CHU Strasbourg-Hautepierre).
Fly Strains
Stocks were raised on standard cornmeal-agar medium at 25C. w
A5001 flies were used as wild-type throughout the experiments be-
cause the GNBP3hades mutant was generated in this background. In
experiments involving the Dif1 and key1 mutants, the original cn bw
stock was used as a further wild-type control (Jung et al., 2001;
Rutschmann et al., 2000a, 2000b). GNBP1osi, PGRP-LCE12, psh4,
UAS-psh, and hsp-Gal4 stocks have been described previously (Go-
bert et al., 2003; Gottar et al., 2002; Ligoxygakis et al., 2002). The ha-
des deficiency was generated by crossing the modified P element-
containing strain d01793 to a strain carrying the Delta2-3 transposase.
Revertants that had lost the dominant mini-white marker were tested
by PCR for imprecise excision events. The exact extent of the deletion
was determined by sequencing of PCR products. Stocks used for ep-
istatic analysis and overexpression analysis were generated using
standard crosses. We checked the overexpression of GNBP3 by Q-
RT-PCR by using the relevant primer set (see Supplemental Data).
Heat shocks were performed as follows: 20 min at 37C, 20 min at
18C, 20 min at 37C, 1 hr at 29C, and then 24 hr incubation at
25C. Two large deficiencies that remove about 40 kb of the genomic
region were generated by crossing d01793 flies to either d08034 or
d01127 flies. These strains carry modified P elements that contain
FRT recombination sites, and selected progeny of the cross also car-
ried a transgene expressing the yeast flippase. The offspring were
screened by PCR to isolate the desired recombinants.
Binding Assay
Curdlan (insoluble polymeric b-[1,3]-glucan), a kind gift of J.P. Latge´;
PGN from S. aureus, a kind gift of Y.G. Boneca (Paris); chitin (b-[1,4]-
N-acetyl-D-glucosamine) from crab shells, Aldrich Chemical Comp,
Inc.; and paraformaldehyde-treated Candida albicans yeast were
used for in vitro binding assay of GNBP3. All preparations were resus-
pended in pyrogen-free water (ACILA GMN). One hundred micrograms
of each insoluble polysaccharide or 10 ml of PFA-fixed yeast was
added to 5 mg of purified GNBP3 and incubated in 200 ml of binding
buffer (10 mM Tris-HCl [pH 7.5], 500 mM NaCl) at room temperature
with mild agitation for 1 hr. The mixture was centrifuged (14,000 3 g
for 5 min), and the pellet was washed three times with 0.5 ml of wash-
ing buffer (10 mM Tris [pH 7.5], 500 mM NaCl, 0.02% Tween-20). The
proteins bound on insoluble polysaccharide or yeast cells were de-
tached by adding SDS-PAGE sample buffer and analyzed by western
blot using affinity-purified mouse monoclonal anti-His antibody cou-
pled to horseradish peroxidase following the manufacturer’s instruc-
tions (Penta-His HRP Conjugate Kit, Qiagen).
The PGN and PBS (phosphate buffer saline, 10 ml, as a control) bind-
ing assay was carried out by essentially the same method as described
above, except the binding mixture was centrifuged at 14,000 3 g for
30 min at each step to precipitate small particles of PGN.
Further experimental information is found in the Supplemental Data.
Supplemental Data
Supplemental Data include five figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with
this article online at http://www.cell.com/cgi/content/full/127/7/1425/
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